The influence of organic-hexavalent-uranium [U(VI)] complexation on U(VI) reduction by a sulfate-reducing bacterium (Desulfovibrio desulfuricans) and an iron-reducing bacterium (Shewanella alga) was evaluated. Four aliphatic ligands (acetate, malonate, oxalate, and citrate) and an aromatic ligand (tiron [4,5-dihydroxy-1,3-benzene disulfonic acid]) were used to study complexed-uranium bioavailability. The trends in uranium reduction varied with the nature and the amount of U(VI)-organic complex formed and the type of bacteria present. D. desulfuricans rapidly reduced uranium from a monodentate aliphatic (acetate) complex. However, reduction from multidentate aliphatic complexes (malonate, oxalate, and citrate) was slower. A decrease in the amount of organic-U(VI) complex in solution significantly increased the rate of reduction. S. alga reduced uranium more rapidly from multidentate aliphatic complexes than from monodentate aliphatic complexes. The rate of reduction decreased with a decrease in the amount of multidentate complexes present. Uranium from an aromatic (tiron) complex was readily available for reduction by D. desulfuricans, while an insignificant level of U(VI) from the tiron complex was reduced by S. alga. These results indicate that selection of bacteria for rapid uranium reduction will depend on the organic composition of waste streams.
Microbially mediated precipitation has been proposed as a viable technique for selective uranium removal from aqueous solutions (32) . Certain iron-and sulfate-reducing bacteria can enzymatically reduce highly soluble hexavalent uranium [U(VI)] to the sparingly soluble tetravalent form [U(IV)]. Reduced uranium then abiotically precipitates as uraninite (UO 2(S) ) (23, 34) . Attempts to develop this process for uranium removal from various waste streams are in progress (33, 41, 44) . For example, groundwaters contaminated with uranium have been successfully treated by using this technique (23, 33) . A few studies have evaluated the impact of inorganic ions found in wastewaters on uranium removal by this mechanism. In general, high concentrations of bicarbonate, sulfate, and nitrate ions appear to negatively impact enzymatic removal of uranium (41, 44) . Phillips et al. (41) found that an increase in bicarbonate ion concentration from ϳ30 to 100 mM significantly decreased the rate of uranium reduction by microorganisms. Robinson et al. (44) noted that the presence of ϳ5,000 mg of nitrate or sulfate ions per liter did not appreciably affect uranium reduction; however, these ions at concentrations of 10,000 to 50,000 mg/liter decreased both the rate and extent of U(VI) removal from solution.
In addition to the inorganic ions evaluated, the presence of organic ligands may influence bioreduction of uranium in wastewaters. Waste streams from radionuclide-processing facilities generally contain several simple and complex organic ligands (16, 37) . Organic compounds, through carboxyl, hydroxyl, or other functional-group interactions, spontaneously form coordinate-covalent bonds with metal cations, resulting in organic-metal complexes. Several studies relating the impact of organic-metal complexation to microbial degradation indicate that biodegradation of organic ligands by heterotrophic bacteria and metal bioavailability to assimilatory metal-reducing bacteria are often affected by the presence of organic-metal complexes (14, 18, 45) . For example, Firestone and Tiedje (15) studied the biodegradation of nitrilotriacetic acid (NTA) complexed to several metals by using a Pseudomonas species. The bacteria rapidly degraded NTA from Ca(II), Mg(II), Mn(II), and Na complexes; however, NTA chelated with Ni(II) was not degraded. In a separate study, Pseudomonas fluorescens rapidly degraded citrate from Ca(II), Ni(II), and Fe(III) complexes; however, degradation from an Fe(II) complexes was slower (28) . Also, enzymes of Azotobacter vinelandii were found to reduce Fe(III) from citrate and azotochelin complexes at different rates during iron assimilation (27) . In general, the types of complexes formed, their lability, and the functional group(s) involved in complexation have been proposed as parameters of organic-metal complexes affecting biodegradation (5, 17, 18) .
Bioavailability of organic ligands and metals from metalorganic complexes appears to depend not only on the nature of the complexes formed but also on the type of bacteria present. Different Pseudomonas species degrade citrate from metal complexes at different rates (38) . Two assimilatory metal-reducing bacteria, P. aeruginosa (13) and A. vinelandii (27) , were found to reduce ferric iron from citrate complexes at different rates. The relationship between bacterial metabolism and the mechanism(s) of organic or metal utilization from complexes has not been well established. However, inhibition of the transport system which facilitates intracellular metabolism (4, 52) and structural incompatibility of the chelate with the active sites of the target enzymes (28) have been reported as reasons for the observed differences in the bioavailability of organicmetal complexes.
Several strains of metabolically diverse iron-and sulfatereducing bacteria can reduce U(VI) in organic-free bicarbonate solutions (32, 34) . It is not known if the presence of organic ligands can affect U(VI) reduction by these bacteria due to transport limitations, structural incompatibility, or other mech-anisms. Uranium in wastewater often is associated with several simple and complex organic compounds (16, 37) . Any impact on the rate of U(VI) reduction due to organic complexation will affect treatment system design by this technique. Hence, it is essential to select bacteria which can most efficiently reduce U(VI) in waste streams containing a variety of organic compounds.
This research was performed to evaluate the availability of U(VI) for microbial reduction in solutions containing organic complexants. One aromatic and four aliphatic organic ligands were used to study the impact of metal-ligand binding on enzymatic U(VI) reduction by two metabolically diverse bacteria.
MATERIALS AND METHODS
Organisms and culture conditions. Desulfovibrio desulfuricans (ATCC 29577), a sulfate-reducing bacterium, and Shewanella alga, a primary iron-reducing bacterium (7), were used to evaluate U(VI) reduction in solution. Both of these organisms, under anaerobic conditions, can enzymatically reduce U(VI) to the tetravalent form in organic-free bicarbonate solutions with lactate or H 2 gas as the sole electron donor (7, 34) . D. desulfuricans was grown in a well-defined medium (34) containing lactate as the primary carbon-electron source and sulfate as the electron acceptor. S. alga was grown in a medium containing lactate as the carbon-electron source and ferric citrate as the sole electron acceptor (7) . Standard anaerobic techniques were used to prepare growth medium and for maintenance of culture conditions throughout this research (26) . Briefly, the growth medium was heated to near boiling, purged with a high-purity gas mixture (5% H 2 , 10% CO 2 , 85% N 2 ) for 10 min to remove dissolved oxygen, anaerobically transferred in 60-ml volumes to 150-ml serum bottles, and autoclaved to ensure sterility prior to inoculation with cells (21, 26, 32) .
Ligand concentration and uranyl ion speciation. Five organic ligands which form monodentate, bidentate, or bi-or polynuclear complexes with uranyl ion were selected for study ( Table 1) . Four of the ligands selected were aliphatics, which complexed with uranyl ion primarily through carboxyl ion interactions. One ligand, 4,5-dihydroxy-1,3-benzene disulfonic acid (tiron), was aromatic and complexed with uranium exclusively through hydroxyl ion interactions. Thermodynamic stability constants were obtained from the literature (39, 40, 49) and from an empirical relationship developed in our laboratory to approximate stability constants for selected UO 2 (OH)-organic ligand species (21) . These constants were used in association with the computer speciation program MINTEQ2A (2) in the selection of test ligand concentrations and prediction of uranyl ion speciation in each experiment. Two concentrations of each aliphatic ligand were chosen such that most (Ͼ98%) or one-half (ϳ50%) of the U(VI) initially added directly complexed the target ligand. The remaining U(VI) formed organic [UO 2 (OH)-organic ligand] and inorganic [(UO 2 ) x OH y ] uranyl hydroxide species. In the aromatic-ligand (tiron) solutions, greater than 98% of the U(VI) initially formed ternuclear (UO 2 ) 3 (OH) 2 (tiron) 3 species at the higher tiron dosage. At the lower ligand concentration, ϳ50% of the U(VI) added formed ternuclear tiron complexes. The concentration of organic ligands and the percent distribution of various uranium species predicted by MINTEQ2A before microbial reduction are shown in Table 2 .
Sample preparation. Batch experiments were performed under nongrowth conditions (7, 21, 34) to evaluate bioreduction of uranyl ion complexed to organic ligands. Test solutions contained H 2 gas as the sole electron donor, uranyl ion as the primary electron acceptor, each target ligand as the primary complexing agent, and sodium nitrate as the background electrolyte (ionic strength, 0.17 M). Initially, stock solutions (1 liter) were prepared by adding each test ligand and sodium nitrate to distilled, deionized water. The pH of the stock was then adjusted to 6.0 by using HNO 3 or NaOH (0.1 M). Subsequently, the solutions were filter sterilized (0.2-m-pore-size filter), deoxygenated by purging with an anaerobic gas mixture (5% H 2 , 10% CO 2 , 85% N 2 ), and dispensed in 9-ml volumes into 25-ml anaerobic pressure tubes. Each tube was then closed with a butyl rubber stopper and sealed with an aluminum cap. A 0.5-ml deoxygenated uranyl nitrate solution [ϳ2-g/liter U(VI) stock] was injected into each tube, resulting in an initial U(VI) concentration of ϳ100 mg/liter. Solutions were then mixed (100 rpm) at a constant temperature (32°C) for 48 h to allow equilibrium speciation to occur. H 2 gas was then added to the headspace of each pressure tube by injecting 20 ml of an 80% H 2 -20% CO 2 gas mixture. The samples were then shaken gently but thoroughly by hand for ϳ1 min at room temperature to (6) . Microbial reduction of complexed uranium was evaluated by monitoring the decrease in the U(VI) concentration over time in the unfiltered test solution after cell inoculation. Subsamples (ϳ2 ml) from each pressure tube were collected and appropriately diluted with deoxygenated, deionized water, and the U(VI) level was analyzed under anaerobic conditions (21, 32) . Internal standards for calibration were prepared such that the same amounts of organic ligand, sodium nitrate, and other sample constituents were present during uranium analysis (21) . Acetate and citrate levels were measured by high-performance liquid chromatography with a Spherisorb C 8 column (21) and an LC90 UV detector set at a 210-nm wavelength. Malonate and oxalate were measured by ion-exchange chromatography with an Ion-Pak AS4A-SC anion-exchange column and an ED40 Dionex conductivity detector. Tiron was measured with a Beckman DU-70 spectrophotometer at a 300-nm wavelength (21) .
Statistical analysis. Duplicate measurements of U(VI) concentrations in two tubes for each time period were used for analyses. The U(VI) reduction data were analyzed by using a one-way analysis of variance and a nonparametric Cox and Stuart test (12) . The differences in U(VI) reduction rates were determined at a confidence level of 95%.
RESULTS AND DISCUSSION
U(VI) reduction by D. desulfuricans. Results indicated that D. desulfuricans reduced U(VI) from each of the aliphatic complexes evaluated (Fig. 1) . In the higher-concentration acetate, malonate, and oxalate solutions [test ligands initially complexed Ͼ98% of the U(VI)], the bacteria reduced more than 95% of the U(VI) initially present after 96 h of incubation. In the higher-concentration citrate solution ϳ85% of the U(VI) was reduced after 96 h. The trend in uranium reduction for the higher-concentration citrate solution suggested that further reduction can be achieved by extending the incubation period. Significant amounts (Ͼ90%) of uranium were also reduced in solutions containing the lower aliphatic ligand concentration [ϳ50% U(VI) initially complexed to the test ligands]. Results suggested that complex formation with aliphatic ligands did not appear to affect the availability of U(VI) as an electron acceptor to the sulfate-reducing bacteria.
Although a substantial amount of U(VI) was reduced in each test solution, the rate of reduction varied with the type and relative amount of U(VI)-organic complex formed. The differences observed in U(VI) reduction trends were statistically significant (␣ ϭ 0.05). The U(VI) reduction rate kinetic coefficients in the presence of each test ligand were evaluated by using a linearized form of the Michaelis-Menten expression (3, 24, 50) . The initial rate of reduction (V i ), which represents the U(VI) reduction rate immediately after cell inoculation, was used to compare the impact of solution constituents (organic complexants) on U(VI) biotransformation (Table 3) . The V i values were normalized to the amount of U(VI) (milligrams) utilized by a unit of cell mass (milligram-cell) by using a conversion of 10 7 cells/mg of biomass (48) . It was observed that in solutions containing the higher concentration of aliphatic ligand, the V i of U(VI) from acetate complexes was ϳ20-fold higher than that observed in the presence of multidentate aliphatic ligands. This indicated that U(VI) was not as readily available as an electron acceptor from multidentate aliphatic complexes as it was from monodentate (acetate) complexes for D. desulfuricans. When the concentrations of multidentate aliphatic ligands were reduced such that ϳ50% of the U(VI) formed only multidentate complexes, the V i increased two-to fivefold.
Rapid reduction of U(VI) from selected organic complexes was not due to degradation of these ligands by D. desulfuricans. No significant decrease (␣ ϭ 0.05) in organic-ligand concentration was measured, even after 96 h of incubation, in U(VI)-containing solutions (Fig. 2) . Note that the bacterium reduced (11, 31) . Slower reduction of U(VI) in the presence of multidentate aliphatic ligands was not due to toxicity of these organics to the bacterium. This was verified in a separate experiment in which the bacterium, under resting-cell conditions, readily reduced a poorly complexing compound (thiosulfate) in the presence of each test ligand (21) . The results suggested that complexation by multidentate aliphatic ligands was responsible for the slower U(VI) reduction by D. desulfuricans, and the extent of impact depended on the amount of U(VI) organically complexed in solution. This impact, however, appeared to differ from that observed during Fe(III) reduction by D. desulfuricans. Coleman et al. (10) observed that multidentate aliphatic complexation by NTA did not appreciably affect the trend in Fe(III) reduction by D. desulfuricans. The bacteria reduced equal amounts (ϳ3.5 mM) of Fe(III) from poorly crystalline Fe(III)oxide and Fe(III)-NTA complexes after 36 h of incubation. Further investigation is required to better understand the mechanism(s) of metal utilization from aliphatic complexes by the sulfate-reducing bacteria.
The impact of aromatic complexation on U(VI) bioreduction was evaluated by using tiron as the test ligand. Figure 3 shows U(VI) levels in tiron solutions after inoculation with D. desulfuricans. The bacteria reduced significant levels of U(VI) (Ͼ95%) in solutions containing high, as well as low, concentrations of tiron. Although U(VI) from multidentate aliphatic complexes was not readily available for reduction, D. desulfuricans rapidly reduced U(VI) from the multinuclear aromatic complex evaluated. In solutions in which Ͼ98% of the U(VI) initially formed ternuclear complexes with tiron, the V i of U(VI) [5.7 ϫ 10 Ϫ4 mg of U(VI)/mg cell-h] was approximately 50% lower than that observed in acetate solutions but was more than an order of magnitude higher than that in the presence of multidentate aliphatic ligands. A similar impact on the relative rates of U(VI) reduction was also observed in solutions containing lower concentrations of tiron. The V i of U(VI) [4.6 ϫ 10 Ϫ4 mg of U(VI)/mg cell-h] was slightly lower than that observed in solutions containing the lower concentration of acetate but was 1.5-to 3-fold higher than that observed at lower concentrations of multidentate ligands. This suggested that the negative impact on U(VI) reduction due to complexation with the aromatic ligand (tiron) was much less than that observed with multidentate aliphatic ligands.
U(VI) reduction by S. alga. Figure 4 shows U(VI) levels in unfiltered aliphatic test solutions after inoculation with S. alga. The trends in uranium reduction were very different from those observed when D. desulfuricans was used. The extent of U(VI) reduction by S. alga in several aliphatic solutions was much lower than that by D. desulfuricans observed. When Ͼ98% of U(VI) was initially complexed to acetate, approximately 80% of the added U(VI) was reduced after 96 h of incubation. In solutions containing multidentate aliphatics, more than 95% of the U(VI) was reduced during this period. However, in solutions containing lower concentrations of aliphatic ligands, the bacteria reduced only 50 to 80% of the U(VI) initially introduced.
The V i in test solutions varied with the type and level of U(VI)-aliphatic complexes present (Table 4) . When Ͼ98% of the U(VI) was complexed to the test organics, the V i of U(VI) in the presence of multidentate ligands was more than an order of magnitude higher than that observed in monodentate aliphatic (acetate) solutions. The slower reduction from acetate solutions does not appear to be due to toxicity of this ligand, 
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since this bacterium was isolated by using a medium containing a high concentration of acetate (7). Furthermore, differences in U(VI) reduction were not due to metabolism of the test ligands by this bacterium. Insignificant amounts of each ligand were utilized by this bacterium during U(VI) reduction (data not shown). Also, S. alga does not couple oxidation of acetate and citrate to metal reduction, even under growth conditions (7, 30) . It should be noted that, when multidentate ligand levels were lowered such that only ϳ50% of the U(VI) initially added was complexed, the rate of reduction decreased by more than an order of magnitude (Table 4 ). This observation suggested that if S. alga degraded the test ligands (thereby decreasing their concentration), U(VI) reduction rates would have been retarded rather than enhanced. Therefore, it appears that chemical speciation of uranyl ion in solution rather than inhibition-degradation of organic ligands dictates U(VI) availability to S. alga. It has been well documented that the activity of selected yeast cells and Thiobacillus ferrooxidans was lower in the presence of uncomplexed uranyl ions (UO 2 2ϩ ) but was not affected when uranyl ions were complexed to strong complexants such as carbonate or citrate (46) (47) (48) 51) . In addition, it has been reported that iron-reducing microorganisms from anaerobic sediments reduced Fe(III) from multidentate aliphatic (NTA) complexes more rapidly than from uncomplexed, poorly crystalline Fe(III) oxide (29, 36) .
S. alga did not reduce U(VI) from aromatic ternuclear tiron complexes (Fig. 5) . Less than 5% of the U(VI) present was reduced in solutions in which the predominant U(VI) species was in the tiron complex (Ͼ98%), as well as in solutions containing only ϳ50% tiron-U(VI) complexes. The reduction trends observed in various experiments indicated that multidentate aliphatic complexes were better sources of the U(VI) electron acceptor for S. alga than were monodentate aliphatic complexes (acetate), aromatic complexes (tiron), or uranyl hydroxide species.
It should be noted that tiron formed a polynuclear complex with U(VI) and the stability constant for complexation was higher than values reported for the other organic complexes evaluated (Table 1) . However, trends of U(VI) reduction from tiron complexes by either bacterium were more similar to trends observed from the complex with the lowest stability constant (acetate) than from complexes with higher stability constants (multidentate aliphatics). This suggested that reduction of U(VI) from various organic complexes was not primarily related to the respective thermodynamic stability constants. Bolton et al. (5) and Francis et al. (18) have reported that factors such as lability of metal-organic complexes rather than stability constants will dictate the degradation of metalorganic complexes. The functional groups (hydroxyl) involved in U(VI)-tiron complexation and the structural orientation of ternuclear aromatic complexes probably dictated the reduction of U(VI) by microorganisms.
Comparison of U(VI) reduction by D. desulfuricans and S. alga. A comparison of results indicated that the two bacteria reduced U(VI) very differently from each of the complexes evaluated. D. desulfuricans rapidly reduced U(VI) from monodentate aliphatic complexes formed with acetate (Fig. 6) . S. alga very slowly reduced uranium from this complex. While reduction from multidentate complexes by the sulfate-reducing bacteria was slow, it was rapid in the presence of the ironreducing bacteria. Rapid reduction of U(VI) by D. desulfuricans was also observed in aromatic complexes. Reduction by S. alga was slow in these complexes. In addition, a decrease in the amount of organic-U(VI) complex in solution increased the rate of reduction by D. desulfuricans and decreased the rate of reduction by S. alga (Tables 3 and 4 ). The vast differences in U(VI) reduction trends observed when the two bacteria were used was due to neither toxicity nor metabolism of organic complexants by either of the bacteria. The results observed may be due to differences in the nature of the enzymes involved in reduction. Sulfate-reducing bacteria have been reported to reduce uranyl ion by using an enzyme (cytochrome c 3 ) located at the soluble (periplasmic) fraction of the cell (35) . This enzyme is not associated with an energy-yielding process leading to growth of the bacteria (34) . In contrast, S. alga reduced U(VI) by using a multicomponant enzyme system associated with the membrane fraction of the cell (8, 9) . The enzyme complex appeared to be involved in phosphorylationenergy-yielding processes of the bacteria (9). Such differences in the location and function of U(VI)-reducing enzymes may have imposed limitations on structural compatibility or transport mechanisms and contributed to the differences in the U(VI) reduction from organic complexes by the two bacteria.
Precipitation of bioreduced uranium. Effective removal of uranium from contaminated water by these microorganisms depends not only on reduction of U(VI) to U(IV) but also on subsequent precipitation of reduced uranium. Precipitation of U(IV), upon microbial reduction, was evaluated by measuring the total dissolved uranium [U(VI) plus U(IV)] in the filtrate (0.2-m-pore-size filter) over time. The filtrate (1 ml) was oxidized by using 2 N HNO 3 to convert U(IV) to U(VI) prior to this analysis (21) . The results indicated that precipitation of U(IV) depended on the type and concentration of the organic ligand present in solution (data not shown). Briefly, while Ͼ95% of the U(IV) precipitated from solutions containing the highest concentrations of acetate and malonate, less than 20% of the U(IV) precipitated in the presence of oxalate and citrate. At the lower concentrations of oxalate and citrate used, Ͼ80% of the bioreduced uranium precipitated from solution. However, little (ϳ10%) of the U(IV) precipitated from tiron solutions, even at the lower concentration utilized. A detailed discussion concerning U(IV) precipitation trends in the presence of organic chelating agents is presented elsewhere (19) (20) (21) (22) .
Implications for wastewater treatment. Results indicated that reduction of U(VI) was affected by various organic compounds when either of the bacteria was evaluated. It appears that ground and surface waters containing uranium but little or no organic matter can be successfully treated by using D. desulfuricans. However, experimental results suggest that these aqueous solutions may need to be amended with strong complexants prior to using S. alga for uranium reduction. Mixedprocess waste streams from industries and leachates produced from environmental restoration operations generally contain complex organic compounds (37) . While S. alga can rapidly reduce U(VI) from selected multidentate complexes found in such waste streams, reduction by D. desulfuricans may be slow. In addition, precipitation of reduced uranium [U(IV)] will depend upon the type and amount of organic ligands present. Hence, it is essential to evaluate the chemical (organic) composition of waste streams prior to selecting the type of bacteria for uranium reduction. Finally, results suggested that the negative impact on biotreatment due to organic-metal complexation can be greatly alleviated by proper selection of bacteria for treatment.
